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Abstract: Low alloy nickel steel was chosen for this experiment because it is suitable for grinding 

balls application due to its high hardness and corrosion resistance. This study aimed to see the effect 

of different sub-zero treatments on the hardness, fractography and corrosion properties of low alloy 

nickel steel. The prepared specimens were heated to the austenitizing temperature of 980 °C in a 

furnace for one hour and water-quenched until they reached room temperature. Furthermore, the 

quenched specimens were chilled in liquid nitrogen for a variated time of 10, 60 or 360 min, 

followed by tempering treatment at 200 °C for one hour. According to the hardness test, the sub-zero 

treatment is effective in hardening materials, where the hardness value increases as the sub-zero 

treatment time increases, ranging from 204.93 to 417.98 HV. The fractography test indicated ductile 

fracture characterized by dimples at the fractured surface. Moreover, the corrosion test showed an 

enhancement of corrosion resistance with increased sub-zero treatment time. 

Keywords: sub-zero treatment; grinding ball; hardness; fractography; corrosion 

 

1. Introduction 

Grinding in the milling process is an essential process to reduce the sizes of particles in mining 

metallurgy, the cement industry and the chemical and power industries using steel grinding balls [1]. 

Almost half of the world’s milling circuits use ball mills, and 90% of mining operations utilize balls 
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as grinding devices [2]. One of the most popular milling machines is the cement mill, which is used 

to crush raw materials such as lime, silicate, alumina and iron oxide using grinding balls [3]. The 

quality and efficiency of the grinding process are greatly affected by the grade and characteristics of 

grinding balls [4]. The minerals usually have high hardness, meaning the grinding ball must maintain 

its shape during the milling process [5]. Therefore, the grinding balls must meet the requirements 

such as good hardness and corrosion resistance [6].  

Grinding balls are commonly made from low alloy steel with different carbon contents (0.7      

to 0.8 wt%) and alloyed with manganese, chromium (up to 1 wt%), molybdenum (up to 0.025 wt%) 

and copper (up to 1 wt%) [7]. The alloying method is useful not only to maintain a suitable value of 

hardness but also to improve corrosion resistance along the ball cross-section [8]. The low alloy 

nickel steel was chosen in this experiment because it performs better than high carbon martensitic 

iron for grinding ball application due to the work hardening effect during the service [9]. 

Furthermore, the presence of chromium and nickel in these alloys will significantly improve 

mechanical properties and corrosion resistance [10]. According to the previous work, the low alloy 

steels are proven to have high hardness and abrasion resistance properties, which are suitable for 

grinding balls [11]. The addition of Cr, Mo and Cu also affects the hardness gradient of the grinding 

ball from the hard surface (martensite) to the soft core (perlite) [12].  

The critical factor in grinding ball application is the total wear of the grinding balls, which 

consists of abrasion, corrosion and impact properties [13]. For that reason, it is hard to divide the 

contributions of each mechanism toward wear properties [14]. The corrosion and dissolution of metal 

surfaces during grinding becomes more than half of the complete wear of grinding balls [15]. The 

corrosion mechanism is also important to explore because of its significant effect on the total wear of 

grinding balls [16]. Furthermore, to obtain the best performance and durability of grinding balls, the 

affecting factors such as fabricating methods based on properties, heat treatment and chemical 

composition become crucial [5]. In this paper, the value of hardness, surface cracking and corrosion 

properties will be evaluated.  

The utilization of heat treatment with the rolled steel balls, such as quenching followed by 

tempering, is appropriate to enhance the mechanical properties [17]. The addition of sub-zero 

treatment as the hardening treatment to the grinding balls is believed to enhance the durability of 

grinding balls [18]. Sub-zero treatment (also called cryogenic treatment) refers to the treatment 

process at low temperatures (lower than −80 °C) added to the conventional heat treatment         

(CHT) [19]. The effect of the sub-zero treatment can cause a significant reduction of the retained 

austenite and martensite refinement and balance out the products [20]. The essential factor in sub-

zero treatment is that the treatment should be done as quickly as possible after quenching to avoid 

the degradation of the properties of materials [21]. This study investigated the effects of different 

sub-zero treatments on the hardness, fractography and corrosion properties of low alloy nickel steel.    

2. Materials and methods 

The chemical composition of low alloy nickel steel is presented in Table 1. The process was 

started by specimen preparation using the machining process to customize sample testing standards. 

The prepared specimens were subjected to the conventional heat treatment, which consisted of 

gradual heating up to the austenitizing temperature of 980 °C in the furnace for 1 h. Then, the 

specimens were quenched until they reached room temperature using water. After that, the quenched 
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specimens were cooled using liquid nitrogen for 10 (C10), 60 (C60) and 360 (C360) min. 

Furthermore, the Fe-Ni-Cr-Mo specimens were removed from the nitrogen reaction tube and placed 

in the open air until their temperature reached room temperature. Then, the Fe-Ni-Cr-Mo specimens 

were tempered at 200 °C for 1 h to minimize residual stress. 

Table 1. Chemical compositions of Fe-Ni-Cr-Mo specimens. 

Specimen Al (wt%) Mn (wt%) Si (wt%) Cr (wt%) Ni (wt%) Mo (wt%) C (wt%) Fe (wt%) 

FeNiCrMo-3 0.01 0.35  0.42 0.03 2.26 0.0008 0.02 Bal. 

FeNiCrMo-4 0.08 0.47 0.48 1.23 2.03 0.89 0.04 Bal. 

The mechanical properties of samples were examined using the micro-Vickers test with 0.3 kN 

of loading and 10 s of pressing time. The fractography images of specimens after the impact test 

were observed using SEM-EDS. Furthermore, the electrochemical measurement test was done using 

the Gamry G750 corrosion measurement system in 3.5% NaCl solution. The 1.1 cm
2
 specimens were 

cut using a cutting machine and installed to copper wire for electrical contact. After that, the 

specimens were mounted using resin to cover the unexposed area. The mounted specimens were 

ground using 120–1200 grit SiC paper with the help of distilled water. Electrochemical 

measurements were performed using GAMRY Series G-750 Corrosion Measurement System. The 

electrochemical measurement utilized Pt electrode as the counter electrode, saturated calomel as the 

reference electrode and the specimens as the working electrode. The open-circuit potential (Eocp) 

was measured, which is continued by the Tafel polarization and cyclic polarization test. The 

potentiodynamic polarization test was performed at a scan rate of 1 mV/s in ±250 mV from the OCP 

potential. The measurement of cyclic polarization was done based on ASTM G-61 using potential   

of −500 mV to +1500 mV, current density of 10 mA/cm
2
, forward scan rate of 5 mV/s

 
and reverse 

scan of 2.5 mV/s. The corroded samples were observed using SEM-EDS to determine corrosion 

morphology and elements contained in corrosion products. 

3. Results and discussion 

3.1. Effect of sub-zero treatment on micro-Vickers hardness test results 

The hardness properties were characterized using micro-Vickers at six spot locations, and the 

averaged value was calculated. The labels of specimens showed the time of sub-zero treatment and 

material type; for instance, C10-3 indicated 10 min of sub-zero treatment and FeNiCrMo-3 

specimens. The analytical graph of micro-Vickers results was also processed using IBM-SPSS 

statistical software and the normality test method using Kolmogorov-Smirnov and Shapiro-Wilk.  

Figure 1 illustrates the results of the micro-Vickers hardness test of FeNiCrMo specimens that 

experienced the sub-zero treatment process, as illustrated. The sub-zero treatment is effective in 

hardening materials, where the hardness value increases as the sub-zero treatment time increases. 

The hardness value of FeNiCrMo-3 specimens shows values of 204.93 for C10, 228.18 for C60,   

and 238.55 for C360, indicating an increase in hardness value. An increase of hardness with 

increasing sub-zero treatment time can enhance plastic deformation resistance because of restricted 

dislocation movement [22]. The longer the sub-zero treatment duration is, the more dislocation 
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movement is prevented, resulting in a greater hardness value. The hardness and modulus values 

dropped as the indenter displacement expanded [23]. Furthermore, the enhancement of flow stress (α 

hardness) with decreasing temperatures can also enhance sub-zero treatment specimen’s wear and 

friction behavior [24].  

The hardness values of FeNiCrMo-4 specimens show the values of 390.27 for C10, 417.98 for 

C60 and 333.65 for C360. The hardness value of FeNiCrMo-4 specimens with 60 minutes of sub-

zero treatment time is the highest of all the specimens worth 418 Hv. The increase of hardness value 

is caused by the uniform distribution and refinement of the grains after sub-zero treatment [25]. The 

hardness value of FeNiCrMo-4 specimens is higher than FeNiCrMo-3 with the same sub-zero 

treatment time. This phenomenon is affected by CrMo chemical composition in the alloy, where the 

FeNiCrMo-4 specimens have a higher content of element alloying [26]. Table 2 shows that the 

significance value is above 0.05 using Kolmogorov-Smirnov and Shapiro-Wilk normality test, so the 

hardness properties results are normally distributed. Table 3 shows the results of ANOVA for 

hardness using micro-Vickers hardness measurements, which reveals that the Sig value <α (0.05) 

proves the variation in process treatment has an effect.  

 

Figure 1. The hardness properties of the FeNiCrMo with various quenched. 

Table 2. The hardness test data of FeNiCrMo with normality test.  

 Specimens Kolmogorov-Smirnova Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

Hardness C10-3 0.261 6 0.200* 0.789 6 0.047 

C10-4 0.222 6 0.200* 0.953 6 0.765 

C60-3 0.276 6 0.169 0.837 6 0.123 

C60-4 0.159 6 0.200* 0.986 6 0.978 

C360-3 0.158 6 0.200* 0.987 6 0.980 

C360-4 0.200 6 0.200* 0.973 6 0.910 

*This is a lower bound of the true significance. 
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Table 3. The hardness test data of FeNiCrMo with one-way ANOVA test. 

Hardness Sum of squares df Mean square F Sig. 

Between groups 246847.152 5 49369.430 197.946 0.000019 

Within groups 7482.253 30 249.408   

Total 254329.406 35    

3.2. Effect of Sub-zero treatment on fractography of Fe-Ni-Cr-Mo results 

Figure 2a–d indicates SEM characterization results of low alloy nickel steel specimens’ fracture 

surfaces, showing dimples (black arrows) and brittle fracture (red arrows) in all specimens. Figure 2a 

characterizes ductile fracture, which reveals dimples (black arrows) in the fractured surface for the 

FeNiCrMo C10-4 sample. Figure 2c shows fine dimples (black arrows) in the fractured surface 

conforming to ductile fracture characteristics. This phenomenon is caused by increased formability 

from low alloy nickel steel alloy and the temperature sensitivity of stress required for dislocation 

motion [27]. The shorter time of sub-zero treatment causes lower stress involved to move 

dislocation, which causes deformation is preferred. Figure 2b,d indicate ductile tearing and quasi-

cleavage facets [28]. This phenomenon happened due to the enhancement of sub-zero treatment time, 

which increases the difficulty in cross slip in the material, affecting the enhancement of flow stress, 

strain hardening exponent, and decreasing the plasticity of materials [29].  

 

Figure 2. Fractography images of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, (c) 

FeNiCrMo C10-4, (d) FeNiCrMo C60-4 showing topological changes. 

The microvoids with spherical shapes were also found in Figure 2a–c with yellow arrow marks, 

but Figure 2d is not showing the microvoids. The microvoids were formed in heterogeneous areas 

where the size and distribution of heterogeneities influence void formation, growth and    
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coalescence [30]. The higher hardness of the matrix will enhance the number of voids required to 

propagate a fracture [22]. Figure 3a–d refers to EDS mapping of low alloy nickel steel fracture 

surfaces. Figure 3a,b indicates C, Fe and Ni elements in the specimens where the dark areas are less 

elemental. Figure 3c,d shows the elements C, Cr, Fe, Ni and Mn evenly distributed in the 

FeNiCrMo-4 specimens. 

  
(a) (b) 

 

 

(c) (d) 

Figure 3. EDS Mapping of crack surfaces of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, 

(c) FeNiCrMo C10-4 and (d) FeNiCrMo C60-4. 
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3.3. Effect of Sub-zero treatment on microstructure experimental results 

Figure 4a–f reveals the morphological structure of FeNiCrMo alloy with different times of 

cryogenic treatment using liquid nitrogen as the cooling medium, showing the existence of 

martensite (red arrows), ferrite (yellow arrows) and retained austenite (blue arrows). The cryogenic 

heat treatments contributed to the phase transformation, where the retained austenite was 

transformed into lath martensite. There was an increase in martensite amount with the rise in 

cryogenic time (10–360 min), which is caused by how long the austenitization process had taken [31]. 

The lath martensite was also transformed into the lath martensite tempered due to the tempering 

process after cryogenic treatment [32]. 

 

Figure 4. Microstructure of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, (c) FeNiCrMo 

C10-4, (d) FeNiCrMo C60-4, (f) FeNiCrMo C-360-3, (g) FeNiCrMo C-360-4. 
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Furthermore, it also can be seen that there was a gradual decrease in retained austenite in the 

FeNiCrMo specimens with the enhancement in soaking time [33]. The deep cryogenic treatment 

using nitrogen showed that the martensite formed soon after the cooling process and having the 

body-centered tetragonal crystal structure. After the tempering process was done, the body-centered 

tetragonal martensite was transformed into body-centered cubic martensite, which also affects its 

hardness [34].  

3.4. Effect of Sub-zero treatment on corrosion test results 

Open circuit potential (OCP) was an important factor in comprehending the material’s tendency 

to corrode [35]. The more positive the value of open circuit potential is, the more difficult the 

material is to corrode [36]. Based on the Pourbaix diagram of the Fe-Cl system, the range potential 

for OCP in this study is in the formation of Fe
2+

 [37].  

Figure 5a indicates the curve of open circuit potential of Fe-Ni-Cr-Mo specimens in 3.5% NaCl 

solution. The Eocp values of FeNiCrMo-3 specimens are −585 mV for C10-3, −554 mV for C60-3 

and −547 mV for C360-3. Furthermore, the Eocp values of FeNiCrMo-4 specimens are −599 mV for 

C10-4, −567 mV for C60-4 and −505 mV for C360-4. The Eocp value increases with the increasing 

of sub-zero treatment time. This phenomenon proves that the higher time of sub-zero treatment 

causes the specimens nobler than the lower time of sub-zero treatment [38]. The FeNiCrMo-4 

specimens have a higher value of Eocp, for the same time of sub-zero treatment, than FeNiCrMo-3. 

This phenomenon is caused by higher Cr and Mo content in FeNiCrMo-4 specimens, which affects 

the specimens’ corrosion resistance. These results reveal that FeNiCrMo-4 specimens were less 

reactive than FeNiCrMo-3. 

In this work, the electrochemical corrosion parameters such as corrosion potential (Ecorr) and 

corrosion current densities (Icorr) were automatically obtained from Butler-Volmer and Tafel 

equations [39]. The next step of Tafel slope analysis and fitting of the polarization curves were 

analyzed using Echem analyst software to acquire the corrosion rate of Low alloy nickel steel. Figure 

5b shows that the FeNiCrMo-4 specimens with 360 min of sub-zero treatment time manifest higher 

corrosion potential than FeNiCrMo-4 specimens with 10- and 60-minute sub-zero treatment time, as 

well as FeNiCrMo-3 specimens. It is also shown in Table 4 that the corrosion current decreases with 

the increase of sub-zero treatment time, suggesting that the sub-zero treatment time variation 

improves the corrosion behavior of the specimens [40]. The corrosion rate decreases as the sub-zero 

treatment time increases, indicating better corrosion resistance. The highest corrosion resistance is 

FeNiCrMo C360-4, worth 1.759 mpy, caused by the highest protective passive film due to its high 

content of Cr [16].  



63 

AIMS Materials Science  Volume 10, Issue 1, 55–69. 

  
(a) (b) 

Figure 5. (a) Open circuit potential measurement, (b) Tafel polarization curve of low 

alloy nickel steel specimens in 3.5% NaCl solution. 

Table 4. Electrochemical parameters obtained from Tafel polarization test of Fe-Ni-Cr-

Mo specimens in 3.5% NaCl solution. 

Specimens Ecorr (mV) Icorr (µA/cm2) Corr rate (mpy) 

FeNiCrMo C10-3 −580.2 40.02 18.67 

FeNiCrMo C10-4 −596.2 24.43 11.40 

FeNiCrMo C60-3 −602.4 18.65 8.70 

FeNiCrMo C60-4 −609.6 9.443 4.405 

FeNiCrMo C360-3 −612.0 5.498 2.565 

FeNiCrMo C360-4 −582.3 3.770 1.759 

Figures 6a and 5b provide the cyclic polarization curves of low alloy nickel steel specimens in    

a 3.5% NaCl solution. All the FeNiCrMo-4 specimens in Figure 6b presented a substantial hysteresis 

loop between the forward and the reversed scans, which characterizes the material as generally 

susceptible to pitting corrosion [41]. Meanwhile, all the FeNiCrMo-3 specimens did not show a 

substantial hysteresis loop between the forward and reverse scans, which indicates no pitting 

corrosion is suspected. The Ecorr values of FeNiCrMo-3 specimens are −820.9 mV for C10-3, 

−820.1 mV for C60-3 and −734.5 mV for C360-3. Furthermore, the Ecorr values of FeNiCrMo-4 

specimens are −834.5 mV for C10-4, −822.1 mV for C60-4 and −818.4 mV for C360-4.  

As can be seen, the low alloy nickel steel with higher sub-zero treatment time has higher 

corrosion potential than low alloy nickel steel with lower sub-zero treatment time. This means that 

the corrosion resistance was improved with increasing sub-zero treatment time due to the 

microstructure of martensite and being free from retained austenite [42]. According to our previous 

work, the higher sub-zero treatment time eliminated retained austenite and achieved 98.617% of the 

martensite phase at 360 min of sub-zero treatment time [43]. Moreover, the value of repassivation 
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potential in FeNiCrMo-4 specimens was shifted towards more noble potentials with the increasing 

sub-zero treatment time, which indicates the better resistance of the material to pit growth [12].  

  

(a) (b) 

Figure 6. Cyclic polarization curves of (a) FeNiCrMo-3 specimens and (b) FeNiCrMo-4 

specimens in 3.5% NaCl solution. 

3.5. Effect of Sub-zero treatment on SEM-EDS of corrosion products in Fe-Ni-Cr-Mo specimens 

Figure 7a–f shows all the surfaces were covered by ion complexes, indicating that all surface 

regions have similar corrosion behavior and experienced uniform corrosion. The corroded area 

decreases with the increase of sub-zero treatment time. The surface of FeNiCrMo-4 specimens 

exhibited some small individual pits where it seemed that the size increased and the number of pits 

decreased after the longer sub-zero treatment time [22]. This phenomenon is caused by the 

distribution element and the effect of cold temperature quenching immersion affecting the phase 

transformation and carbon in the specimens, increasing the pitting corrosion size. 

The EDS spectra reveal the presence of oxygen, which proves the corrosion product in all low 

alloy nickel steel specimens. The FeNiCrMo C10-3 sample showed the highest percentage (15.9%) 

of oxygen. The oxidized displays the most exceptional tribological performance because to the 

synergistic chemical change and mechanical strengthening by O atoms [44]. While the lowest 8.77% 

of oxygen was revealed by the FeNiCrMo C360-3. It is also displayed that the surface of the uniform 

corrosion contains natrium and chloride, which relate to the surface exposure in the 3.5% NaCl 

corrosive medium. The matrix is fully covered by corrosion products, while the corrosion products 

layer is not uniform [12]. 
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Figure 7. SEM images of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, (c) FeNiCrMo 

C360-3, (d) FeNiCrMo C10-4, (e) FeNiCrMo C60-4 and (f) FeNiCrMo C360-4 after 

immersing in 3.5% NaCl solution. 

 

Figure 8. EDS results of FeNiCrMo (a) C10-3, (b) C60-3 and (c) C360-3 after immerse 

in 3.5% NaCl solution. 
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4. Conclusions 

This study investigated the effects of sub-zero treatment on the hardness, fractography 

morphology and corrosion properties of low alloy nickel steel. The results confirm that the hardness 

characterization data using the Kolmogorov-Smirnov and Shapiro-Wilk normality tests were 

normally distributed, with a Sig value of (0.05), indicating that the FeNiCrMo-4 with 60 min of 

immersion time is the highest of all the specimens worth of 417.9 HV. The corrosion rate of low 

alloy nickel steel with a longer sub-zero treatment time is lower than low alloy nickel steel with a 

shorter sub-zero treatment period. This phenomenon suggests that increasing the sub-zero treatment 

period improves corrosion resistance. As the sub-zero treatment period increased, the corroded area 

decreased. 
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